Two pairs of related but easily distinguishable genes for the two subunits of anthranilate synthase have been identified in Pseudomonas aeruginosa. These were cloned, sequenced, inactivated in vitro by insertion of an antibiotic resistance cassette, and returned to the P. aeruginosa chromosome, replacing the wild-type gene. Gene replacement implicated only one of the pairs in tryptophan biosynthesis. This report describes the cloning and sequencing of the tryptophan-related gene pair, designated trpE and trpG, and presents experiments implicating their gene products in tryptophan production. DNA sequence analysis as well as growth and enzyme assays of insertionally inactivated strains indicated that trpG is the first gene in a three-gene operon that also includes trpD and trpC. Complementation of Trp auxotrophs by R-prime plasmids (T. Shinomiya, S. Shiga, and M. Kageyama, Mol. Gen. Genet., 189:382-389, 1983) We began these studies by insertionally inactivating the first 1-subunit gene cloned (7) 
In 1978, R. W. Hedges obtained an anthranilate synthasecontaining R-prime plasmid by mating Pseudomonas aeruginosa PAC174 (R68.44) with Escherichia coli W3110 tna AtrpE5. We subsequently subcloned the anthranilate synthase-encoding segment of this plasmid, determining that both the large (a)-and small (13)-subunit genes were present, and we reported the sequence of the latter along with a portion of the former (7, 9) . It is clear now that these two genes do not give rise to the enzyme catalyzing the first reaction of the tryptophan synthetic pathway but in fact encode a second anthranilate synthase in P. aeruginosa. This resolves a paradox found in the initial report (7) , namely, that the amin acid sequence deduced for the P. aeruginosa 13-subunit gene product differed considerably from the Pseudomonas putida amino acid sequence obtained earlier from the purified enzyme subunit (20) . In this report, we describe the cloning and sequencing of the genes for a second anthranilate synthase in P. aeruginosa, along with experiments implicating these gene products in the synthesis of tryptophan. An accompanying report (11) details the cloning and sequencing of the homologous anthranilate synthase gene pair from P. putida. In both organisms, the genes are designated trpE (encoding the a subunit, or component I) and trpG (encoding the subunit, component II, or the glutamine amidotransferase subunit), in accord with current usage (4, 5) . Subsequently, we will present evidence for the role of the first anthranilate synthase genes cloned (7, 9) in secondary metabolism; we propose to rename them phnA and phnB for phenazine synthesis (lla).
We began these studies by insertionally inactivating the first 1-subunit gene cloned (7) and recombining the inactivated gene into the chromosome of P. aeruginosa, showing that this did not result in a growth requirement for tryptophan. Low-stringency southern hybridization with this gene as a probe identified a second, cross-reacting 13 -subunit gene on the P. aeruginosa chromosome. Once that gene had been cloned and shown by sequence analysis to be closely related to the gene for the P. putida subunit, we used it to identify and clone the P. putida trpG gene. Both these new 13-subunit genes proved to be at the 5' end of a three-gene operon, trpGDC. We made use of the known close linkage of trpE to trpDC in P. putida (15) and performed a short chromosomal walk in that organism to find trpE, which was recognized by its similarity in sequence to other anthranilate synthase a-subunit genes. Again employing low-stringency interspecific DNA hybridization, we then identified and cloned the homologous P. aeruginosa trpE gene. The normal chromosomal trpE and trpG genes were replaced with insertionally inactivated versions in both species, thereby confirming their participation in the tryptophan pathway.
(Some of these experiments were presented at the 88th Annual Meeting of the American Society for Microbiology, 1988.) per ml, and 100 ,ug of cefazolin per ml; for P. aeruginosa PA04290, 250 ,ug of kanamycin per ml; for P. aeruginosa PA01, 15 jxg of mercuric chloride per ml; and for P. aeruginosa PA04290 and PAO1, 100 ,ug of tetracycline per ml. Solid media contained 1.5% agar (Difco Laboratories, Detroit, Mich.). Transformation and conjugation. E. coli was transformed by a minor modification of the Mandel and Higa procedure (23) . Bacterial matings were performed as described by Simon et al. (34) . Donor and recipient cells were grown in liquid culture to the exponential phase (P. aeruginosa at 42°C and E. coli at 37°C), mixed (1:1) , and pelleted by centrifugation. The mating mixture was carefully suspended in 200 ,lI of LB and spread onto a nitrocellulose filter (13- Cell extracts and enzyme assays. Preparation of cell extracts by sonication and assays for enzyme activity and protein concentration were as described previously (9) .
DNA isolation. High-molecular-weight genomic DNA was prepared as described previously (30) . Large amounts of E. coli plasmid DNA were isolated by alkaline lysis and purified in CsCl-ethidium bromide gradients (24) . Small amounts of recombinant plasmid DNA were isolated by the alkaline lysis method (24) . Small amounts of genomic DNA for use in Southern hybridization analysis were isolated from P. aeruginosa by a Sarkosyl-pronase lysis procedure (10) followed by phenol extraction and ethanol precipitation.
Southern hybridization. Restriction fragments to be used as probes were electroeluted from 5% polyacrylamide gels. After ethanol precipitation, the DNA fragments were 32p labeled by nick translation (29 
RESULTS
Cloning P. aeruginosa thpG, trpD, and tipC. Lack of a requirement for tryptophan in recombinants bearing an insertionally inactivated form of the first P-subunit gene cloned (7, 9) led us to search for the real P. aeruginosa trpG gene. We purified and used as a probe a 896-base-pair (bp) BamHI-KpnI fragment containing P. aeruginosa phnB (7) obtained from plasmid pIAl4 and labeled with 32P by nick translation. This probe was hybridized to P. aeruginosa PAG1 fragments presumably containing trpG.
We first cloned a weakly hybridizing 2.1-kb ClaI fragment from P. aeruginosa after electroelution from agarose and ligation to pUC19 DNA that had been digested with AccI and dephosphorylated. The ligation mixture was transformed into E. coli JM109, and the desired plasmid, designated p1391, was identified by colony hybridization (24) . When DNA sequencing showed the insert in p1391 to lack a portion of the trpG gene at the 5' end, a second, overlapping chromosomal fragment was isolated from P. aeruginosa chromosomal DNA by using the EcoRV-PstI fragment at the 5' end of the p1391 insert as a probe. This identified a 3.0-kb SalI fragment which was isolated and cloned into SalIdigested pUC19 in the manner described for p1391. This plasmid was designated p1395; its DNA sequence confirmed that it contained the P. aeruginosa trpG gene and more than 2 kb of DNA ahead of the gene.
DNA sequencing of p1395 and p1391 disclosed another open reading frame immediately downstream from trpG.
When the nucleotide sequence of this open reading frame was compared with other known trp genes, we found 60% identity with the trpD gene of Acinetobacter calcoaceticus and weaker but still significant homology to trpD genes from other species (6) . From earlier studies, it was known that trpD and trpC are tightly linked in P. aeruginosa (17); therefore, we suspected that trpC might also be present on p1391. The complete DNA sequence of the p1391 insert confirmed that it contained the entire P. aeruginosa trpD gene preceded by the 3' end of trpG and followed by the 5' end of trpC.
Because p1391 lacks a large portion of the trpC gene, a third overlapping chromosomal fragment was isolated from P. aeruginosa chromosomal DNA by using the 660-bp NarI-SacII fragment at the 3' end of the p1391 insert as a probe. This identified a 3.0-kb Sall fragment; this fragment was isolated and cloned into Sall-digested pUC19 in the manner previously described for p1391 and p1395. This plasmid was designated p1472; its DNA sequence confirmed that it contained the 3' end of the trpD gene, the entire P. aeruginosa trpC gene, and almost 2 kb of DNA beyond the end of trpC.
The sequencing strategy for the relevant portions of p1391, p1395, and p1472 is shown in Fig. 1 . All restriction sites were bridged, and complementary sequences were obtained from both strands.
Sequence of P. aeruginosa trpGDC. Figure 2 presents the DNA sequence of the trpG, trpD, and trpC genes of P. aeruginosa as well as the deduced amino acid sequences of the three gene products. All three coding sequences have conventional ribosome-binding sequences (32) G separates the stop and start codons, whereas at the trpDC interface the genes overlap slightly, with the last two bases of the trpC start codon forming the first two bases of the trpD stop codon. The designated stop and start codons were assigned based on alignment with sequences of homologous proteins (or domains of proteins) performing the same reactions in other bacteria and fungi (6) .
The deduced amino acid sequence of the P. aeruginosa trpG gene showed 83% identity with the amino acid sequence of the small subunit of P. putida anthranilate synthase (20) , with no gaps required for alignment. In contrast, it showed only 42% identity with the P. aeruginosa phnB gene product reported earlier (7) , and three gaps had to be inserted for alignment of those two proteins. Comparison of the trpD and trpC sequences of Fig. 2 with those ofP. putida and other more distantly related organisms is deferred to the accompanying report (11) .
Cloning P. aeruginosa IrpE. From transduction studies, the P. putida trpE gene was known to be very closely linked to trpDC (15) ; in contrast, in P. aeruginosa they are separated by at least 25 kb (33) . A chromosomal walk in P. putida located the trpE gene 2.2 kb upstream from the trpGDC cluster (11) . The P. putida trpE gene was cloned and sequenced; it was found to encode a protein similar to other anthranilate synthase large subunits (11) . We subsequently purified a 770-bp XhoI-BstEII fragment located near the 5' end of P. putida trpE, using it as a probe to identify P. aeruginosa trpE. The probe, obtained from plasmid p1450 (11), hybridized readily under high stringency with P. aeruginosa PAQ1 chromosomal DNA that had been digested with a variety of restriction enzymes.
We cloned a 3.8-kb tbpE-containing HindIII-BglII fragment from the P. aeruginosa chromosome by electroelution from agarose and ligation into HindIII-BamHI-digested pUC19. The ligation mixture was transformed into E. coli JM109, and the desired plasmid, termed p1460, was identified by colony hybridization (24) . The DNA sequence of p1460 confirmed that its insert contained the entire coding region of P. aeruginosa trpE.
Relevant portions of p1460 were sequenced by the strategy shown in Fig. 3 . All restriction sites were bridged, and complementary sequences were obtained from both strands.
Sequence of P. aeruginosa trpE. Figure 4 shows the se- 
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230 240 250 codon is a potential stem-loop structure preceded by a string of As and followed by a string of Ts; this structure resembles bidirectional, rho-independent terminators found near the ends of many transcripts in bacteria (12) .
It is a characteristic of moderately expressed genes in bacteria whose DNA has a high G+C content that a high proportion of the codons end in G or C. Sequencing errors resulting in frameshifted regions can often be recognized by an examination of codon usage. The distribution of bases in the TrpE open reading frame is as follows: first codon position = 66.9% G+C; second codon position = 40.8% G+C; third codon position = 85.4% G+C; total base composition = 64.4% G+C. There are no stretches with abnormally low G+C content in the third codon position. The codon usage is very similar to that seen for the P. aeruginosa TrpG, TrpD, and TrpC proteins (analysis not shown) and the tryptophan synthase subunits (16) .
Comparison of TrpE and TrpG sequences with those of other bacteria. Little difficulty was encountered in aligning the amino acid sequences deduced for P. aeruginosa anthranilate synthase with other published sequences throughout TrpG and in the C-terminal half of TrpE. In fact, as shown in Fig. 5 , the alignment also accommodates a eucaryotic enzyme, Saccharomyces cerevisiae anthranilate synthase, and the paralogous p-aminobenzoate synthase from E. coli (14, 19) . Amino acid identities occur at 38 positions in the alignment of seven glutamine amidotransferase subunits (Fig. SB) and at 50 positions beyond position 270 in the alignment of six a subunits (Fig. SA) . The amino-terminal halves of the a subunits are much harder to align. Figure 5A contains an inordinate number of gaps in this region, some of them quite large, and even so shows identity at only six positions. This alignment was extracted from a more comprehensive one presented elsewhere consisting of 17 largesubunit sequences (6) . Some of the sequences present in the larger collection but omitted from 
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310 320 Construction of pDE1410 and pDE1574 and insertion into the P. aeruginosa chromosome. Plasmid pDE1410 was constructed as follows (Fig. 6) . p1395 containing the cloned P. aeruginosa PA01 trpG gene was digested with BamHI, and the purified 2.0-kb BamHI fragment was inserted into the BamHI site of pUC9 to create pDE1406. pDE1406 was subsequently digested with Sacl, and a SacI-XhoI adaptor (CCTCGAGGAGCT) was inserted to yield pDE1408. pDE1408 was then digested with XhoI, and the XhoI-Kmr cassette from pDE-Km was inserted into the trpG gene, resulting in the formation of the Ampr Kmr plasmid pDE1409. pDE1409 was digested with BamHI, and the purified 4.5-kb BamHI-trpG-Kmr fragment was inserted into the BamHI site of pSUP205, yielding the Cmr Kmr Mob plasmid pDE1410.
E. coli S17-1(pDE1410) was mated with PA04290. The mating mixture was plated on LB agar containing cefazolin and kanamycin to select for P. aeruginosa TrpG-Kmr exconjugants. (Cefazolin was present to select against the E. coli donor strain.) P. aeruginosa PA01 proved to be very resistant to kanamycin; therefore, we could not use pDE1410 to construct a PAO1 trpG mutant. We subsequently constructed a mercury resistance cassette and used it to replace the kanamycin cassette of pDE1410. The Kmr cassette has an internal promoter which allows expression of the downstream genes trpD and trpC; however, the Hgr cassette lacks a downstream-directed promoter, and expression of trpD and trpC are also affected. Figure 6 details the construction of plasmid pDE1574. pDE1410 was digested with XhoI, and the XhoIHgr cassette from pDE-HgX was inserted into the trpG gene, VOL. 172, 1990 862 ESSAR ET AL.
FIG. S-Continued
replacing the XhoI-Kmr cassette and resulting in the formation of the Cmr Hgr Mob plasmid pDE1574. E. coli S17-1(pDE1574) was mated with PAO1. The mating mixture was plated on LB agar containing cefazolin and mercuric chloride to select for P. aeruginosa TrpGDC-Hgr exconjugants.
To demonstrate directly the replacement of trpG on the P. aeruginosa chromosome with the Kmr or Hgr insertionally inactivated gene, we subjected DNA from the parental strains PAO1 and PA04290 and the two derivative strains, the TrpG-Kmr mutant, PADE Gl, and the TrpGDC-Hgr mutant, PADE G2, to restriction and hybridization analysis. Chromosomal, p1395, pDE1410, and pDE1574 fragments generated by cleavage with EcoRV were separated on a 0.8% agarose gel and transferred to nylon membranes. The membranes were hybridized with a 32P-labeled 1.0-kb EcoRV fragment from p1395, a 32P-labeled 750-bp XhoIHindHI fragment from pDE-Km, or a 32P-labeled 1.2-kb PstI-ScaI fragment from pDG106. The p1395-derived probe recognized a 1.0-kb EcoRV fragment from p1395, PA04290, and PAQ1 DNA (Fig. 7A, lanes 1, 2, and 3 ). This same probe recognized a 3.5-kb EcoRV fragment from PADE Gl and pDE1410 DNA (Fig. 7A, lanes 4 and 5) , indicating loss of the wild-type trpG and replacement with the Kmi, insertionally inactivated trpG. The probe also recognized a 6.2-kb EcoRV fragment from PADE G2 and pDE1574 DNA (Fig. 7A, lanes  6 and 7) , indicating replacement of wild-type trpG with the Hgr, insertionally inactivated trpG. The pDE-Km-derived probe failed to hybridize with any of the EcoRV fragments from p1395, PA04290, PA01, PADE G2, and pDE1574 DNA (Fig. 7B, lanes 1, 2, 3, 6, and 7) . The probe did, however, recognize the same 3.5-kb EcoRV fragments from PADE Gl and pDE1410 DNA as the p1395-derived probe (Fig. 7B, lanes 4 and 5) , demonstrating that the KmT cassette was indeed inserted into the mutant trpG. The pDG106-derived probe failed to hybridize with any of the EcoRV fragments from p1395, PA04290, PA01, PADE Gl, and pDE1410 (Fig. 7C, lanes 1 to 5) but did recognize the same 6.2-kb EcoRV fragments from PADE G2 and pDE1574 DNA as the p1395-derived probe (Fig. 7C, lanes 6 and 7) follows (Fig. 8) . p1460 (pUC19 containing the P. aeruginosa PAO1 trpE gene in a HindIII-BglII fragment) was digested with HindIll and SmaI, and the resulting 3.7-kb fragment was inserted into Hindlll-and Smal-digested pUC18-XhoI to create pDE1525. pDE1525 was digested with EcoRI to remove a 747-bp fragment internal to trpE, and an EcoRIBglII adaptor (AATTAGATCT) was inserted to yield pDE1528. pDE1528 was subsequently digested with Hindlll and SmaI, and the purified 3.0-kb fragment carrying the mutant trpE was inserted into HindIll-and EcoRV-digested pSUP205 to form pDE1530. pDE1530 was digested with BglII, and the 2.7-kb BglII Tcr cassette from pDE-Tc was inserted to yield the Cmr Tcr Mob plasmid pDE1533.
E. coli S17-1(pDE1533) was mated with PAO1 and PA04290. The mating mixtures were plated on LB agar containing cefazolin and tetracycline to select for P. aeruginosa TrpE-Tcr exconjugants.
Replacement of the trpE gene on the P. aeruginosa chromosome with the Tcr mutant trpE gene was demonstrated directly by subjecting DNA from the parental strains PAO1 and PA04290 and the two derivative TrpE-Tcr strains, PADE El and PADE E2, to restriction and hybridization analysis. Chromosomal, p1460, and pDE1533 fragments generated by cleavage with KpnI were electrophoresed in 0.8% agarose and transferred to nylon membranes. The membranes were hybridized with the 32p_ labeled 868-bp Hindlll-EcoRI fragment from pDE-Tc or the 32P-labeled 1.1-kb KpnI-EcoRI fragment from p1460. The p1460-derived probe recognized a 2.0-kb KpnI fragment from p1460, PAO1, and PA04290 DNA (Fig. 9A, lanes 1 to  3) . The same probe recognized a 3.9-kb KpnI fragment from PADE El, PADE E2, and pDE1533 DNA (Fig. 9A, lanes 4  to 6) , indicating the loss of wild-type trpE and its replacement with the Tcr mutant trpE. The pDE-Tc-derived probe failed to hybridize with either of the KpnI fragments from p1460, PAO1, or PA04290 DNA (Fig. 9B, lanes 1 to 3) . This probe recognized the same 3.9-kb KpnI fragment from PADE El, PADE E2, and pDE1533 DNA as the p1460-derived probe (Fig. 9B, lanes 4 , 5, and 6), demonstrating that the Tcr cassette was indeed inserted into trpE.
Phenotypic characterization of PADE Gi, PADE G2, PADE El, and PADE E2. Even in the absence of the ,B subunit, the ao subunit of anthranilate synthase can synthesize anthranilate directly from chorismate and high concentrations of ammonia. TrpE mutants require either anthranilate or tryptophan for growth on minimal media. The P subunit of anthranilate synthase provides glutamine amidotransferase activity, allowing glutamine at moderate concentrations to substitute for ammonia in the above reaction. Paluh et al. (28) showed that the a subunit alone suffices for growth in minimal medium if the ammonium content is high but that growth in low ammonium concentrations requires the presence of both subunits. Vogel-Bonner minimal medium has too high an ammonium content to select against TrpG mutants, so we used a reformulated M9 minimal medium (28) with the ammonium content adjusted to allow their detection. TrpG mutants show a definite requirement for anthranilate or tryptophan in low-ammonium medium (1 mM NH4+) that disappears when the ammonium content is raised to 50 mM.
The results of growth of P. aeruginosa PAO1, PA04290, PADE Gl, PADE G2, PADE El, and PADE E2 on defined media are shown in Table 2 (Table 3) were consistent with the growth requirements observed. 
DISCUSSION
Several lines of argument lead to the conclusion that the anthranilate synthase a-and P-subunit genes reported here, not the ones described earlier (7, 9) , are the source of the tryptophan biosynthetic activity in P. aeruginosa. Shinomiya et al. (33) obtained from P. aeruginosa PAO1 a large series of R-prime plasmids bearing the pyocin R2 gene cluster and some neighboring DNA. By complementation of Trp auxotrophs, they determined that this pyocin gene cluster is flanked by trpE at one end and the trpDC pair at the other. Their physical map shows the distance between trpE and trpDC to be about 25 kb, including a pyocin-encoding segment 13 kb in length. Their restriction map of this region indicates the presence of two fairly closely spaced EcoRI sites within trpE and a 5'-HindIII-EcoRI-BamHI-3' grouping in the vicinity of trpD. The former can be found in the sequence of Fig. 4 at positions 207 and 954; the latter is not present in the sequence of Fig. 2 , but we have found a BamHI site about 860 bp ahead of the first base in that sequence (data not shown), suggesting that the other two sites occur upstream from there. No similar groupings are present in the phnAB sequence reported earlier from strain PAC174 (7) or ones obtained more recently for the same gene pair in strain PA01 (lla). Extending the sequence downstream from trpE somewhat (data not shown), we observed two open reading frames that Shinomiya and his colleagues have identified as prtN and prtR, regulatory loci for the pyocin R2 structural loci (T. Shinomiya, personal communication). Thus, our sequence results appear to be entirely compatible with the known topography of the region (33) .
It is clear now that the trpDC region includes trpG as the first gene in a three-gene operon. Our insertional inactivation results indicate that this trpG gene is the sole source of the P subunit for the tryptophan-related anthranilate synthase, since insertion of a Kmr cassette having an internal promoter (strain PADE Gl) gave cells requiring tryptophan only in a medium with low ammonium ion content the phenotype expected in a strain defective in only the 1B subunit. Enzyme assays in extracts confirmed the inability of the PADE Gl enzyme to use glutamine as an amide-group source. Results with a strain containing an Hgr cassette in the same location in the trpG gene, with this insertion lacing a downstreamdirected promoter, showed a more severely defective phenotype in which the TrpD and TrpC activities were also missing. This confirms the structural inference that trpGDC represents a single transcriptional unit, probably exhibiting coordinate regulation and coupled transcription. All our genetic results are in agreement with earlier data by Calhoun et al. (3) on the regulation of the enzymes of the tryptophan pathway in P. aeruginosa auxotrophs.
The existence in both P. putida (25) and P. aeruginosa (3) of regulatory mutants that constitutively overproduce TrpE, TrpG, TrpD, and TrpC suggests that these four gene products derived from two transcriptional units share a common regulatory element formally analogous to the trpR repressor in E. coli. Suggestive sequence features compatible with this are described and discussed in the accompanying report (11) . The strongest evidence that trpGDC functions as a single operon is the inactivational result discussed above, but the virtual absence of intercistronic spaces, with the obligatory inclusion of the Shine-Dalgarno sequences in codons near the end of the preceding cistron, is quite characteristic of operon structure in this organism. A very similar juxtaposition of trpB and trpA is seen in the genes of the tryptophan synthase operons of P. aeruginosa (16) and P. putida (8) . Similarly, codon usage favoring codons ending in G or C is seen for all the trp genes sequenced in these pseudomonads and is presumably characteristic of moderately expressed Pseudomonas genes in general.
Why should P. aeruginosa be unique among bacteria studied to date in possessing two pairs of genes for anthra- (18) . The phnA and phnll reading frames overlap by 23 bp, whereas the trpE and trpG genes are on different transcriptional units separated by 25 kb of DNA of unrelated function. It seems obvious that the genes for these two anthranilate synthases duplicated and began to diverge in sequence much earlier in evolution than the time of speciation of the two pseudomonads under study. Analysis of the relatedness of the two P. aeruginosa anthranilate synthases to homologous enzymes of distantly related organisms will be deferred until the entire phnA sequence is available (lla). From the finding that mutations in phnA and phnB result in decreased synthesis of pyocyanin, a phenazine pigment produced in the stationary phase of growth (22) the exponential growth phase while phnA and phnB normally provide anthranilate only for secondary metabolism. This hypothesis is currently being tested.
